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In contrast to the central nervous system (CNS) nerve fibers do regenerate in the
peripheral nervous system (PNS) although in a clinically unsatisfying manner. A major
problem is excessive sprouting of regenerating axons which results in aberrant
reinnervation of target tissue and impaired functional recovery. In the CNS, the reticulon
protein Nogo-A has been identified as a prominent oligodendrocyte expressed inhibitor
of long-distance growth of regenerating axons. We show here that the related isoform
Nogo-B is abundantly expressed in Schwann cells in the PNS. Other than Nogo-A in
oligodendrocytes, Nogo-B does not localize to the myelin sheath but is detected in
the ER and the plasma membrane of Schwann cells. Adult sensory neurons that are
cultured on nogo-a/b deficient Schwann cells form significantly fewer axonal branches
vs. those on wildtype Schwann cells, while their maximal axonal extension is unaffected.
We demonstrate that this effect of Nogo-B on neuronal morphology is restricted to
undifferentiated Schwann cells and is mediated by direct physical contact between
these two cell types. Moreover, we show that blocking the Nogo-B specific receptor
NgBR, which we find expressed on sensory neurons and to interact with Schwann cell
expressed Nogo-B, produces the same branching phenotype as observed after deletion
of Nogo-B. These data provide evidence for a novel function of the nogo gene that is
implemented by the Nogo-B isoform. The remarkably specific effects of Nogo-B/NgBR
on axonal branching, while leaving axonal extension unaffected, are of potential clinical
relevance in the context of excessive axonal sprouting after peripheral nerve injury.
Abbreviations: CNS, central nervous system; CRTN, calreticulin; DIV, days in vitro; DRG, dorsal root ganglion;
ER, endoplasmic reticulum; ERK, extracellular signal regulated kinase; LB, longest branch; MAG, myelin associated
glycoprotein; MBP, myelin basic protein; NgBR, Nogo-B receptor; NCAM, neural cell adhesion molecule; p, postnatal;
PI3K, phosphoinositide 3 kinase; PNS, peripheral nervous system; RHD, reticulon homology domain; RTN, reticulon;
TNIS, total number of neurite intersections; TNL, total neurite length.
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Main Points
• Nogo-B is prominently expressed in Schwann cells and localizes to the ER and
plasma membrane. It distributes to the external cytoplasmic compartment of
Schwann cells in vivo, but is absent from the myelin sheath.
• Genetic deletion of Nogo-B in Schwann cells reduces axonal branching, but not
long-distance growth, of co-cultured adult sensory neurons.
• Schwann cell expressed Nogo-B interacts with neuronal NgBR. Blockade of
NgBR mimics the loss-of-nogo branching phenotype.
Keywords: nogo, schwann cells, sensory neurons, morphology, axonal branching, receptor, sciatic nerve,
knockout
INTRODUCTION
Injury to peripheral nerves elicits a series of cellular and
molecular transformations distal to the site of injury called
Wallerian degeneration, which paves the way for regenerative
outgrowth of lesioned nerve fibers (Chen et al., 2007;
Faroni et al., 2015). Key players in Wallerian degeneration
are Schwann cells, which are the main glial cell type in
the peripheral nervous system (PNS; Navarro et al., 2007).
Within hours after receiving a nerve lesion they start to
dedifferentiate by detaching from the axons and retracting
the myelin sheath. They phagocytose axonal and myelin
debris and chemotactically recruit blood-borne macrophages
for assistance. During this phase of clearance and resorption,
Schwann cells enter the cell cycle and gradually form what
has become known as bands of Büngner, an endoneurial
cellular scaffold that provides essential guidance and support
for regenerating axons. While the cocktail of neurotrophic
factors and cytokines that is secreted by Schwann cells in
this phase of repair promotes the survival of neurons and
axonal elongation, it concomitantly favors axonal sprouting
(Klimaschewski et al., 2013). Each transected axon can
sprout up to 25 branches from the proximal stump, which
ultimately innervate multiple target sites rather than the
single original site (Mackinnon et al., 1991). This aberrant
reinnervation affects motor, sensory and sympathetic fibers
alike and severely compromises functional recovery due to
asynchronized motor function and sensory deficits (Hendry
et al., 1986; Sumner, 1990; de Ruiter et al., 2008; Allodi et al.,
2012). Enhancing axonal elongation by exogenous application
of neurotrophic factors or through electrical stimulation at
the same time increases the extent of axonal sprouting
and aberrant reinnervation of peripheral targets (English,
2005; Klimaschewski et al., 2013). From a clinical point of
view it is thus highly desirable to identify mechanisms that
distinguish between long-distance growth and sprouting of
regenerating nerve fibers. One approach to specifically promote
axonal elongation without increasing axonal sprouting is to
disentangle the signaling activities triggered by neurotrophic
factors and cytokines and to modulate individual signaling
cascades such that elongation is stimulated but sprouting
remains unaffected (Hausott et al., 2009; Marvaldi et al.,
2015). Here, we report a completely novel mechanism to
distinguish between axonal elongation and branching that
is mediated by Schwann cell expressed Nogo-B and its
neuronally expressed receptor NgBR. In a co-culture of
Schwann cells and adult sensory neurons, we demonstrate
that blocking the Nogo-B/NgBR signaling axis reduces the
number of axonal branches but does not compromise axonal
elongation.
MATERIALS AND METHODS
Animals
The nogo-a/b deficient mouse line lacked the isoforms Nogo-
A and -B due to targeting of the first exon containing the
start codon. This mouse line was described elsewhere (Zheng
et al., 2003). Littermates were used for experiments that involved
different nogo genotypes. In addition, Schwann cells and sensory
neurons were obtained from C57Bl/6N mice. A pair of rat
sciatic nerves was obtained from one young adult Sprague-
Dawley rat. All experimental protocols were approved by the
Austrian Animal Experimentation Ethics Board in compliance
with the European Convention for the Protection of Vertebrate
Animals Used for Experimental and other Scientific Purposes
(ETS no. 123).
Immunohistochemistry
Mice were anesthetized with isoflurane and perfused with
4% PFA/PBS. Sciatic nerves were dissected and immersion
fixed in 4% PFA/PBS for 2 h at RT. Tissues were mounted
in OCT compound, snap-frozen in isopentane cooled with
liquid nitrogen, and thin sections (3 µm) were obtained on a
Microm Microtom Cryostat Hm500OM. Sections were blocked
with 2% BSA/PBS for 30 min at RT and incubated with the
following primary antibodies diluted in PBS/0.1% Tween-100
for 1 h at RT: rabbit Bianca antiserum (1:2000; Oertle et al.,
2003b), mouse myelin basic protein (MBP; 1:200; Chemicon
#MAB386), chicken neurofilament antibody (NF-H; 1:2000;
Acris #CH22104). Sections were rinsed thoroughly in PBS and
then incubated with secondary antibodies (Alexa Fluor 488
donkey anti-rabbit, Alexa Fluor 568 goat anti-chicken, Thermo
Fisher, 1:500; Cy5 donkey anti-rat, Jackson ImmunoResearch,
1:500) for 1 h at RT. After washing with PBS, nuclei were stained
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with Hoechst (1:3000) for 5 min at RT. Slides were washed
in PBS, water, and air-dried before mounting with Mowiol.
Microscopy was performed using a LSM710 confocal laser
scanning microscope (Zeiss) equipped with a Plan-Apochromat
63× 1.4 NA objective lens. Images were obtained using the
LSM710 module and the Zeiss ZEN software.
For the differential Bianca/11C7 staining (for epitopes see
Figure 1A) we prepared sciatic nerve from adult rat because
of unspecific signals obtained with the 11C7 antibody with
mouse tissue. Sciatic nerves were fixed overnight at 4◦C in a
PBS based solution of 2% PFA and 15% picric acid (Zamboni’s
fixative), cryoprotected in 20% sucrose for 72 h at 4◦C, embedded
in Tissue-Tek O.C.T (Sakura #4583) and rapidly frozen in
freezing isopentane. Nerve cross-sections of 8µm thickness were
permeabilized with 0.3% Triton X-100 and blocked with 2.5%
horse serum in PBS for 1 h at RT. Sections were incubated
o/n at 4◦C with the following primary antibodies: chicken
neurofilament antibody (NF-H; 1:3000; Acris #CH22104), rabbit
Bianca antiserum (1:10,000), mouse Nogo-A 11C7 antibody
(1:5000; Oertle et al., 2003b), all diluted in blocking buffer.
Sections were rinsed three times in PBS and incubated with
secondary antibodies (Alexa Fluor 488 goat anti-mouse, Alexa
Fluor 568 goat anti-chicken, Alexa Fluor 647 goat anti-rabbit;
Thermo Fisher; 1:1000) for 2 h at room temperature. Nuclei
were stained with Hoechst (1:20,000 in water) for 30 min at RT
before slides were rinsed and embedded with aqueous mounting
medium (Dako #S3023). Images were acquired with a HCX PL
APO lambda blue 63.0×, 1.40 NA, oil immersion objective on a
Leica TCS SP5 laser scanning confocal microscope.
Preparation and immunostaining of teased sciatic nerve fibers
was essentially performed as described in Walko et al. (2013).
Mice were anesthetized with isoflurane and then perfused with
4% PFA/PBS. Sciatic nerves were prepared and immersion
fixed for 20 min at RT. After washing with PBS, nerves
were teased on Superfrost plus glass slides and air-dried.
The staining procedure was performed using the M.O.M.
Basic Kit (Vector Laboratories #BMK-2202) according to the
manufacturer’s instructions using the following primary and
secondary antibodies: rabbit Bianca antiserum (1:2000), mouse
MAG antibody (1:100; Chemicon #MAB1567), goat Vimentin
antiserum (1:400; Giese and Traub, 1986), DyLight550 donkey
anti-rabbit and Alexa Fluor 488 donkey anti-goat (1:500;
Thermo Scientific); for primary mouse monoclonal antibodies
the biotinylated secondary antibodies from the M.O.M. Kit in
combination with Strepatividin RRX (Jackson ImmunoResearch
#016-290-084) were used. All dilutions were performed in
0.1% Triton/PBS. Microscopy was performed using a LSM710
confocal laser scanning microscope (Zeiss) equipped with a
Plan-Apochromat 63× 1.4 NA objective lens. Images were
obtained using the LSM710 module and the Zeiss ZEN
software.
Schwann Cell and Sensory Neuron
Co-Culture
Schwann cell cultures were prepared from p3–4 mice pups
according to (Wrabetz et al., 1995) with minor modifications.
Sciatic nerves were dissected and incubated at 37◦C in 5 mg/ml
collagenase type I (Thermo Fisher #17100-017) for 7 min
and in 0.25% trypsin (Sigma #T4549) for 5 min. Trypsin
was neutralized with DMEM high glucose/10% fetal bovine
serum/1×glutamine/1× penicillin/streptomycin. Two rounds of
trituration were carried out with a flame-polished Pasteur pipette
in the presence of 10 µg/ml DNase I (Roche #11284932001).
Pooled cell suspensions were centrifuged at 290× g for 10 min
and the cell pellet was resuspended in DMEM high glucose/10%
fetal bovine serum/1×glutamine/1×penicillin/streptomycin.
Schwann cells were plated onto glass cover slips coated with
poly-L-lysine (Sigma #P4707) at a density of 1.25 × 105
cells cm−2 and incubated o/n at 8.5% CO2. The following
day (DIV1), medium was changed to serum-free PNGM-
A medium (Bullet Kit; Lonza #C4512) plus 2 µM cytosine
arabinoside (CA; Sigma #C1768) and dishes were placed at
5% CO2.
Sensory neurons were obtained from thoraco-lumbal dorsal
root ganglia (DRG) of either adult mice of the age of 2–3 months
or of early postnatal p6–9 pups. Dissection and dissociation of
ganglia were previously described in Schweigreiter et al. (2004).
Briefly, ganglia were incubated twice at 37◦C in 0.25 mg/ml
Liberase DL (Roche #05401160001) for 35 min and once in
0.05% trypsin for 30 min. Ganglia were triturated in two rounds
with DMEM high glucose using a flame-polished Pasteur pipette.
The pooled cell suspension was centrifuged through a 3.5% BSA
cushion (Sigma #A7906) in a swing-out rotor at 14× g for
15 min. The cell pellet was resuspended in PNGM-A medium
and neurons were added to the Schwann cell culture at a low
density of 1200 cm−2. After 13.5–14 h, at DIV2, the co-culture
was fixed for immunocytochemistry.
For the indirect co-culture experiments Schwann cells were
plated onto the bottom of a cell culture dish. Sensory neurons
were plated in PNGM-A at a density of 2000 cm−2 onto glass
cover slips that were coated with poly-L-lysine and laminin
(Sigma #L2020) and that had tiny paraffin (Sigma #6330) feet
attached. Neurons were allowed to adhere for 1.5 h before
transferring the cover slips neuron-side-down onto the Schwann
cell culture. The distance between the Schwann cell monolayer
and the cover slip-attached neurons was approximately 0.8 mm.
For analyzing differentiating Schwann cells, 2 µM forskolin
(Sigma #F3917) was added to the Schwann cell culture at DIV1
and sensory neurons were added at DIV4. The co-culture was
fixed at DIV5.
For blocking experiments C57Bl/6N mice were used for both
Schwann cells and sensory neurons. Blocking agents, NEP1–40
(Sigma #N7161) at 1 µM final concentration or NgBR-Ecto
(Cusabio #CSB-MP860384MO) at 1 µg/ml final concentration
were added to the Schwann cell culture at DIV1 shortly before
neurons.
Plasma Membrane Preparation
Plasma membrane sheets of cultured Schwann cells were
enriched according to (Olpe et al., 1990). Schwann cells
were harvested at DIV2. Briefly, cells were washed with
PBS and dounced in homogenization buffer (0.32 M sucrose,
1 mM MgCl2, 1 mM K2HPO4, plus protease inhibitors).
Frontiers in Cellular Neuroscience | www.frontiersin.org 3 November 2015 | Volume 9 | Article 454
Eckharter et al. Nogo-B Modulates Neuronal Morphology
FIGURE 1 | Immunohistochemistry of Nogo-B in the sciatic nerve. (A) The two isoforms Nogo-A and Nogo-B differ considerably in size and function. A
common feature is the C-terminal RHD which harbors not only an ER anchoring motif at the very C-terminus but also two hydrophobic sequence stretches (shaded
in gray); they are believed to contribute to ER tubulation by inducing membrane curvature. Nogo-A is selectively recognized by the monoclonal 11C7 antibody while
the epitope of the Bianca antiserum resides within the NIR domain that is shared by both isoforms. The NEP1–40 peptide is derived from and blocks the signaling
activities of the Nogo-66 loop domain. The Nogo-B specific receptor NgBR, and recombinant NgBR-Ecto, bind to the AmNogo-B sequence stretch that is
composed of parts of the NIR domain and RHD. (B) Immunolabeling of cross sections of the sciatic nerve of a wildtype and nogo-a/b knockout mouse. The external
cytoplasmic compartment of Schwann cells is immunoreactive for Nogo. The myelin sheath that is visualized with myelin basic protein (MBP) is devoid of Nogo.
Axons are revealed with a neurofilament antibody. Single confocal sections are shown. Scale bar is 10 µm. (C) Immunolabeling of cross sections of the rat sciatic
nerve with the Bianca antiserum and counter-staining with 11C7. Schwann cells are strongly positive for Bianca but not for 11C7 indicating that the majority of
Bianca immunoreactivity is due to Nogo-B. In contrast, the Bianca immunoreactivity in axons seems to be due to Nogo-A as demonstrated by the 11C7 signal (white
arrows). Scale bar is 5 µm. A single confocal section is shown. (D) Immunolabeling of teased nerve fibers of the sciatic nerve of an adult wildtype mouse. There is
prominent Nogo immunoreactivity in Cajal bands and, to a lesser extent, in Schmidt-Lanterman incisures (arrow heads) and transverse trabeculae (triangles) as
revealed by MAG and Vimentin co-distribution. The Nogo staining typically extends into nodes of Ranvier (arrows). Single confocal sections are shown. Scale bar is
10 µm.
Frontiers in Cellular Neuroscience | www.frontiersin.org 4 November 2015 | Volume 9 | Article 454
Eckharter et al. Nogo-B Modulates Neuronal Morphology
The homogenate was centrifuged in a swing-out rotor with
760× g for 5 min at 4◦C. The pellet was homogenized
and centrifuged for a second time. The pooled supernatants
represented the postnuclear supernatant (PNS). The PNS was
centrifuged with 18,000× g for 15 min at 4◦C resulting in
a pellet and the microsomal supernatant (MS). The pellet
was resuspended and osmotically shocked in 350 µl icecold
water and, following an incubation period on ice for 30 min,
centrifuged with 39,000× g for 30 min at 4◦C yielding a
pellet of membrane sheets and the first membrane washing
supernatant (MWS1). The pellet was resuspended in 350 µl
Krebs-Henseleit buffer (KHB; 118 mM NaCl, 4.7 mM KCl,
1.2 mM MgSO4, 1.3 mM CaCl2, 11 mM glucose, 1.2 mM
KH2PO4, 25 mM NaHCO3, 10 mM Hepes pH 7.35) and kept
at −20◦C for 2 days. After thawing at RT and centrifuging with
18,000× g for 15 min at 4◦C a pellet and the second membrane
washing supernatant (MWS2) were obtained. The pellet was
subjected to three more washing steps with KHB as described.
After the third washing step the pellet was resuspended in
KHB and left o/n at 4◦C. The membrane sheet pellet was
washed again 3× with KHB and finally the plasma membrane
enriched fraction (PM) was dissolved in 100 µl of 1× Laemmli
buffer.
Surface Biotinylation
Surface biotinylation of total protein was performed according
to (Mammen et al., 1997) with the following modifications.
Schwann cells at DIV2 were washed with PBS before 1 mg/ml
of Sulfo-NHS-SS-Biotin (Thermo Fisher #21338) was added.
After incubating at RT for 12 min the crosslinker was quenched
for 3 × 5 min with PBS/0.5% BSA/50 mM glycine pH 7.4.
Cells were washed with phosphate buffer (10 mM NaPO4,
5 mM EDTA, 5 mM EGTA, 100 mM NaCl plus protease and
phosphatase inhibitors, pH 7.4) and lysed in phosphate buffer
plus 0.17% SDS/0.83% Triton X-100. Following sonification
for 30 s at medium intensity the cell lysate was pelleted for
5 min at 20,000× g. The supernatant (input sample) was
incubated with pre-blocked NeutrAvidin sepharose (Thermo
Fisher #53150) for 2 h at 4◦C. The post-incubation supernatant
represented the flowthrough sample. The sepharose beads were
washed 3 × with phosphate buffer plus 1% Triton X-100,
2 × with phosphate buffer plus 1% Triton X-100/500 mM
NaCl, and 1 × with phosphate buffer only. Finally, bound
proteins were eluted by boiling the beads in 1 × Laemmli
buffer.
Immunoprecipitation and Western Blotting
Schwann cell/sensory neuron co-cultures or Schwann cells
only were lysed after indicated time periods as described
previously in Oertle et al. (2003b). For co-immunoprecipitation
experiments lysis supernatant was either used as input control
or it was incubated with Bianca antiserum (Oertle et al.,
2003b) or a rabbit control IgG (Sigma #I5006) for 6 h at
4◦C. Protein A/G agarose (Thermo Fisher #20421) was added
and incubated o/n at 4◦C. After washing with lysis buffer
(Oertle et al., 2003b), bound proteins were eluted by boiling
in 1× Laemmli buffer. Samples were subjected to SDS-PAGE
(10%) and proteins were blotted onto a PVDF membrane (GE
Healthcare #RPN303F). For detection the following primary
antibodies were used: rabbit Bianca antiserum (1:20,000),
rabbit NgBR antibody (1:400; proteintech #15986-1-AP), rabbit
PO antibody (1:500; proteintech #10572-1-AP), rabbit p75NTR
antibody (1:1000; Promega #G3231), mouse actin antibody
(1:10,000; Chemicon #MAB1501), mouse L-caldesmon (1:500;
BD Biosciences #610660). Membranes were incubated with
primary antibodies o/n at 4◦C in blocking solution, 3.5% skim
milk in TBS-TWB (10 mM Tris, 150 mM NaCl, and 0.2%
Tween 20, pH 8.0). After washing with TBS-TWB, membranes
were incubated with secondary antibodies (IRDye 680RD goat
anti-mouse IgG, LI-COR #926-68070; IRDye 800CW goat anti-
rabbit IgG, LI-COR #926-32211; each at 1:20,000) in blocking
solution for 2 h at RT. After washing with TBS-TWB, membranes
were scanned with an LI-COR Odyssey Infrared Imaging
System. Western Blot signals were densitometrically quantified
by measuring their integrated intensity using the Odyssey
software.
Scanning Electron Microscopy
Cells grown on Thermanox coverslips (Nunc #174950) were
fixed with 2.5% glutardialdehyde in 0.15 M cacodylate buffer (pH
7.3) for 24 h. A brief washing in the same buffer was followed by
1 h of postfixation with 1% aqueous OsO4, gradual dehydration
with ethanol, and critical point drying using a Bal-Tec CPD
030 from Oerlikon Balzers. Specimens were mounted with Leit
C (Plano #G3302) onto aluminium stubs, sputtered with 10
nm Au/Pd, and examined with a Zeiss field emission scanning
electron microscope (DSM 982 Gemini).
Immunocytochemistry
Cells were fixed with 4% PFA/5% sucrose in PBS for 20 min
at RT, washed with PBS, incubated in Blocking Solution (3%
normal goat serum, 1% BSA, 0.1% Triton X-100, in PBS) for
1 h at RT before primary antibodies were added o/n at 4◦C
as indicated: rabbit Bianca antiserum (1:10,000), mouse 11C7
Nogo-A antibody (1:1000), rat NCAM antibody (H28; 1:100;
Santa Cruz #sc-59934), chicken calreticulin antibody (1:1000;
Abcam #ab14234), rabbit S100 antiserum (Dako #Z0311), mouse
neurofilament antibody (N52; 1:500; Sigma #N0142). After
washing with TBS-TIF (10 mM Tris, 150 mM NaCl, and 0.1%
Tween 20, pH 8.0) samples were incubated with secondary
antibodies (Alexa Fluor 488 goat anti-mouse, Alexa Fluor 488
goat anti-rabbit, Alexa Fluor 647 goat anti-rat, Alexa Fluor
568 goat anti-chicken; 1:1000; Thermo Fisher) in Blocking
Solution for 2 h at RT. Cells were washed with TBS-TIF and
water plus Hoechst (1:10,000), and embedded in Fluorescent
Mounting Medium (Dako #S3023). For NgBR staining fixed
co-cultures were blocked with 3% BSA/TBS-TIF for 1 h at RT
before goat NgBR antibody (1:100; Santa Cruz #sc-138044) and
mouse neurofilament antibody (N52; 1:500) were added for
o/n incubation at 4◦C. After washing with TBS-TIF samples
were incubated with secondary antibodies (Alexa Fluor 568
donkey anti-goat, Alexa Fluor 488 goat anti-mouse; 1:1000;
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Thermo Fisher) in 3% BSA/TBS-TIF for 2 h at RT, washed
and embedded. For surface stainings, cells were fixed with
4% PFA/5% sucrose in PBS for 20 min at RT, washed with
PBS, incubated in Blocking Solution (3% normal goat serum,
1% BSA, in PBS) for 1 h at RT before primary antibodies
were added o/n at 4◦C as described above. After washing
with PBS samples were incubated with secondary antibodies
in Blocking Solution (3% normal goat serum, 1% BSA, in
PBS) as described above, washed with PBS and water plus
Hoechst and embedded. Images were made with an Axio
Imager.M2 microscope (Zeiss) using Plan-Apochromat 63×/1.4
Oil, Plan-Neofluar 40×/1.30 Oil, and Plan-Apochromat 20×/0.8
objectives and analyzed with Fiji (v 1.48g). Confocal images were
acquired with a HCX PL APO lambda blue 63.0×, 1.40 NA, oil
immersion objective on a Leica TCS SP5 laser scanning confocal
microscope.
Image Processing
Image deconvolution was performed using Huygens Professional
Version 3.4 (Scientific Volume Imaging, Hilversum) in order
to improve spatial resolution using the classical maximum
likelihood estimation algorithm and a theoretical PSF. The signal
to noise ratio varied between 5 and 10 in each channel.
For neuronal morphometry images were processed with
Fiji (v 1.48g) and WIS-NeuroMath (v 3.4.8.; Galun et al.,
2007; Rishal et al., 2013). After skeletonization of neurons the
cell bodies were removed with Adobe Photoshop CS2 and
the center marked with a point. Sholl analysis was carried
out with the respective Fiji plug-in. The center of the cell
body was defined as the center of analysis. The starting
radius was set at 0 µm, the ending radius was infinite,
and the radius step size was 10 µm. Neuron soma diameter
was determined by measuring the shortest diameter of the
cell body using the original neuron image as source. For
each neuron the following morphological parameters were
documented: diameter of the cell body, total neurite length
(TNL), longest branch (LB), and total number of neurite
intersections (TNIS).
Data Analysis and Statistics
Statistical analysis of morphological parameters was performed
using SigmaPlot 12.5 (Systat Software). A two-tailed one-sample
t-test was applied for analysis and the results were normalized to
the control and reported as mean ± SEM. A p-value of ≤ 0.05
was considered statistically significant.
RESULTS
Nogo-B is Prominently Expressed in
Schwann Cells of the Sciatic Nerve
Outside the Myelin Sheath
The nogo/reticulon4 gene is best known for its role in the
large isoform Nogo-A, which is a potent myelin-associated
inhibitor of regenerative nerve growth in the central nervous
system (CNS). Specifically, Nogo-A has been detected at the
cell surface of oligodendrocytes within the myelin sheath. It
has been demonstrated to actively block axonal outgrowth
by engaging a number of neuronal receptors that trigger the
outgrowth inhibitory RhoA/ROCK cascade (Schweigreiter and
Bandtlow, 2006; Pernet and Schwab, 2012). Nogo-B is a shorter
isoform with an expression pattern and signaling characteristics
distinct from Nogo-A (Oertle and Schwab, 2003; Acevedo et al.,
2004). We have shown previously that Nogo-B is abundantly
expressed in the PNS and that it gets proteolytically cleaved after
inflicting a nerve lesion in a mouse model (Schweigreiter et al.,
2007).
Following up on this finding we first aimed to identify
the main cellular source of Nogo-B expression. We performed
immunohistochemistry in the adult sciatic nerve and stained
with neurofilament antibody for axons, MBP for the myelin
sheath, and Nogo using the Bianca antiserum that recognizes
both isoforms Nogo-A and -B (Figure 1A; Oertle et al., 2003b).
As illustrated in Figure 1B, Nogo is prominently expressed
in the external cytoplasmic compartment of Schwann cells. In
contrast to Nogo-A in oligodendrocytes of the CNS (Huber
et al., 2002), we did not find Nogo-B in the myelin sheath.
A weak Bianca-specific signal is detected in the axons. A
counter-staining of Bianca with 11C7, a monoclonal antibody
that is specific for Nogo-A (Figure 1A; Oertle et al., 2003b),
demonstrates that by far the largest fraction of the Schwann
cell-specific Nogo immunoreactive signal is due to Nogo-B
(Figure 1C). Only very low levels of 11C7 immunoreactivity
were detected in Schwann cells of the adult sciatic nerve.
The axonal Bianca-related immunoreactivity, on the other
hand, seems to be largely due to Nogo-A, a finding that is
consistent with a previous report on Nogo-A expression in
peripheral axons (Huber et al., 2002). Immunocytochemistry
and Western blot analysis of cultured Schwann cells verified
the presence of Nogo-A, but this expression was very low
relative to Nogo-B. Specifically, using the five lanes in the
Western Blot of Figure 4A, we densitometrically quantified
the relative expression levels of Nogo-A vs. Nogo-B with the
Bianca antiserum. We found that in cultured Schwann cells
the average expression level of Nogo-B is 79 times higher
than that of Nogo-A (Figure 4A). To further characterize
Nogo-B expression in Schwann cells, we prepared teased fibers
of the sciatic nerve. As illustrated in Figure 1D, Nogo-B
localizes to Cajal bands (Sherman et al., 2012b) and to a
lesser extent to Schmidt-Lanterman incisures and transverse
trabeculae (Court et al., 2009) confirming its distribution
to the external cytoplasmic compartment in Schwann cells
in vivo.
In sum, Nogo-B is prominently expressed in Schwann
cells of the adult peripheral nerve. Other than Nogo-A in
oligodendrocytes, it is not found in the myelin sheath, but is
restricted to the external cytoplasmic compartment.
Nogo-B Localizes to the Endoplasmic
Reticulum and the Plasma Membrane of
Schwann Cells
We next analyzed the subcellular distribution of Nogo-B in
primary Schwann cells. First, we performed confocal microscopy;
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as expected for a reticulon protein we found a predominantly
reticular staining pattern and a very good co-localization
with the ER marker calreticulin (CRTN; Figure 2A). Since
a small fraction of Nogo-A distributes to the cell surface
of oligodendrocytes and neurons (Oertle et al., 2003b; Dodd
et al., 2005), we investigated a potential surface localization
FIGURE 2 | Nogo-B localizes to the ER and the plasma membrane of Schwann cells. (A) Confocal images of cultured primary Schwann cells. Nogo
predominantly exhibits a reticular subcellular localization and co-distributes with the ER marker calreticulin (CRTN). A single confocal section is shown. Scale bar is 5
µm. (B) Bianca prominently stains fixed and permeabilized (Triton X-100) primary Schwann cells whereas 11C7 gives only a weak signal indicating that, similar to
sciatic nerve immunohistochemistry, most of Bianca immunoreactivity is due to Nogo-B. When omitting the permeabilization step (without Triton X-100) some Bianca
immunoreactivity remains indicating surface expression of Nogo-B on Schwann cells. In contrast, no 11C7 signal is seen on non-permeabilized cells demonstrating
absence of Nogo-A from the Schwann cell plasma membrane. CRTN serves as a negative control for plasma membrane staining, NCAM as a positive control. Scale
bar is 50 µm. (C) Plasma membrane sheets of primary Schwann cells were enriched and fractions of the enrichment procedure were assayed by Western blotting.
Equal amounts of protein (15 µg) were loaded in postnuclear supernatant (PNS) and microsomal supernatant (MS). The membrane pellet was washed with 350 µl
and a 70 µl aliquot was loaded of each of the two membrane washing supernatants (MWS1–2). The final PM pellet was resuspended in 100 µl 1× Laemmli buffer
and a 25 µl aliquot was loaded. The neurotrophin receptor p75NTR serves as a positive control for plasma membrane localization, actin serves as a negative control.
Nogo is detected with Bianca; while Nogo-B (approx. 50 kDa) is abundant in the PNS, MS as well as PM fraction, Nogo-A (approx. 180 kDa) is not detected in either
fraction. (D) Proteins at the surface of Schwann cells were biotinylated and fractions were analyzed by Western blotting. p75NTR serves a positive control for surface
expression, L-caldesmon as a negative control.
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of Nogo-B on Schwann cells. We stained permeabilized and
non-permeabilized Schwann cells with Bianca and 11C7. As
shown in Figure 2B, there was a very strong Nogo expression
in Schwann cells as revealed by the Bianca antiserum. Similar
to the sciatic nerve sections, by far the largest fraction of
this Bianca immunoreactivity was due to Nogo-B because the
Nogo-A-specific staining, which was performed with 11C7, was
quite weak. When staining non-permeabilized Schwann cells
we detected some Bianca immunoreactivity whereas the 11C7
signal was completely gone (Figure 2B). This data indicate
that there is a marked fraction of Nogo-B present on the
cell surface, but no Nogo-A. Because the Bianca antiserum
recognizes an epitope in the amino terminus of Nogo-B
(AmNogo-B) outside of the conserved reticulon homology
domain (RHD; Figure 1A), we know from this cell surface
staining data that the amino terminus of Nogo-B is exposed
on the cell surface (Figure 2B). To confirm the surface
localization of Nogo-B, we purified the plasma membrane from
cultured Schwann cells and ran the fractions on a Western
Blot. As illustrated in Figure 2C, we found Nogo-B in the
plasma membrane fraction along with the transmembrane
neurotrophin receptor p75NTR, but not actin, which served
as a negative control. Nogo-A was not detected in either
fraction presumably due to its low expression level. Finally, we
performed a surface biotinylation experiment that verified the
presence of Nogo-B on the surface of primary Schwann cells
(Figure 2D).
In sum, this series of immunostainings and biochemical
experiments demonstrates surface localization of Nogo-B in
Schwann cells aside from its ER residency.
Reduced Number of Axonal Branches
of Sensory Neurons Cultured on Nogo-a/b
Deficient Schwann Cells
Because of the substantial amounts of Nogo-B in the Schwann
cell plasma membrane and because of the marked effect
oligodendrocyte expressed Nogo-A has on the growth pattern
of CNS neurons (Schweigreiter and Bandtlow, 2006), we
wondered whether Schwann cells communicate with sensory
neurons in trans through Nogo-B and, consequently, whether
deletion of Schwann cell expressed Nogo-B would affect
neurons. To test this hypothesis, we established a co-culture
of Schwann cells and sensory neurons with Schwann cells
forming a monolayer onto which individual sensory neurons
were seeded. As illustrated in Figure 3A, Schwann cells
appear as spindle-shaped cells in an immunocytochemical
staining; when imaged with scanning electron microscopy
(SEM), however, the ultrathin sail-like processes, which
would wrap around the axon to form the myelin sheath in
vivo, become visible (Figure 3B). In high-density Schwann
cell cultures these flat processes cover the entire surface
(Figure 3B).
To investigate the potential effect of Nogo-B on neuronal
morphology, we cultured sensory neurons derived from the
DRG of an adult wildtype mouse on Schwann cells derived
from a nogo+/+ and nogo−/− mouse. As seen in Figure 3C,
neurons grown on the nogo deficient Schwann cells formed
significantly fewer branches than neurons grown on nogo+/+
Schwann cells. We quantified this effect morphometrically and
found that the number of branch points, as measured by
the TNIS in a Sholl analysis, is reduced by approximately
30% on nogo−/− Schwann cells, whereas the maximal axonal
elongation was unaffected (Figure 3E). The total axonal length
was reduced correspondingly as expected. The Sholl analysis
demonstrated that this effect of reduced TNIS was not due
to a reduced extent of axonogenesis. It was due to reduced
branching of primary axons that in number did not differ
between neurons grown on nogo+/+ vs. nogo−/− Schwann cells
(Figure 3D).
To rule out a possible differential survival of neuronal
subpopulations on wildtype vs. knockout Schwann cells, we
measured the soma diameter of each morphometrically analyzed
neuron. As demonstrated in Figure 3E, we observed a normal
distribution of cell body diameters without any shift between
these two populations. This ruled out differential survival of
neuronal subtypes. As a control, we compared neurons cultured
on nogo+/− vs. nogo−/− Schwann cells. In this heterozygous
control experiment, we did not find any significant difference in
neuronal morphology between the two Schwann cell genotypes
although there was a statistically insignificant trend towards
a reduced extent of branching on nogo+/− Schwann cells
(Figure 3F). Although we are primarily interested in the behavior
of adult neurons, we included neurons from early postnatal
mice in our analysis. As depicted in Figure 3G, sensory neurons
from p6–9 wildtype mice exhibited not only less branching
but also reduced long-distance growth when cultured on nogo-
a/b knockout Schwann cells. The effect on branching was
in fact slightly more pronounced than with adult neurons
(reduction by 32% with early postnatal neurons compared to
reduction by 29% with adult neurons) indicating a stronger and
at the same time less specific responsivity of early postnatal
neurons.
Effect of Nogo-B on Neuronal Morphology
is Restricted to Undifferentiated Schwann
Cells and is Mediated by Physical Contact
between Glia and Neurons
The Schwann cells we used for our co-culture were derived
from p3–p4 mice. At this age shortly after birth there are
mostly immature Schwann cells in the promyelination stage
(Sherman et al., 2012a). We wondered whether pushing
Schwann cells towards differentiation, i.e., myelination, would
affect the branching phenotype. We cultured Schwann cells
in chemically defined medium in the absence of serum
and presence of elevated cAMP for 4 days before adding
adult wildtype sensory neurons. In concert with previous
observations (Morgan et al., 1991), the myelination marker
P0 became up-regulated during this time period (Figure 4A).
The expression levels of Nogo-B and also Nogo-A, however,
remained unaltered. When analyzing neurons cultured on these
differentiating Schwann cells, we did not find any morphological
difference between neurons grown on nogo+/+ vs. nogo−/−
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FIGURE 3 | Deletion of Nogo-B in Schwann cells reduces the extent of neuronal branch formation. (A) DRG-derived sensory neurons are cultured on
a high density Schwann cell monolayer. Schwann cells are stained with S100ß, neurons with a neurofilament antibody. Scale bar is 10 µm. (B) SEM images of
an individual Schwann cell and the Schwann cell neuron co-culture. Neurons are marked with an asterisk. Scale bar is 20 µm. (C) Wildtype sensory neurons
from an adult mouse are cultured on nogo+/+ and nogo−/− Schwann cells. The co-culture is stained with Bianca, Hoechst, and a neurofilament antibody. Scale
bar is 10 µm. (D) Sholl analysis of neurons grown on nogo+/+ vs. nogo−/− Schwann cells. n denotes the number of neurons analyzed per Schwann cell
genotype. Asterisks indicate statistically significant differences in the number of intersections per increment. (E) Quantification of morphological parameters of
adult wildtype sensory neurons grown on nogo+/+ vs. nogo−/− Schwann cells. TNIS denotes the total number of intersections of a neuron’s neurites in the Sholl
analysis whereas TNL is the total neurite length (TNL). Five independent experiments were carried out with a total of 148 neurons being analyzed in the wildtype
and 163 neurons in the knockout group. Morphological parameters were normalized to the wildtype control (set to 1.0) and expressed as mean ± SEM.
P-values ≤ 0.05 are indicated. In the knockout TNIS is reduced to 0.71 and TNL to 0.69 relative to the wildtype levels. Neuronal cell body diameters are
depicted in a dot blot. (F) Quantification of morphological parameters of adult wildtype sensory neurons grown on nogo+/+ vs. nogo+/− Schwann cells. Five
independent experiments were carried out with a total of 161 neurons being analyzed in the wildtype and 185 neurons in the heterozygous group. Morphological
parameters were normalized to the wildtype control (set to 1.0) and expressed as mean ± SEM. P-values ≤ 0.05 are indicated. Neuronal cell body diameters
are depicted in a dot blot. (G) Quantification of morphological parameters of sensory neurons obtained from wildtype p6–9 mice grown on nogo+/+ vs. nogo−/−
Schwann cells. Five independent experiments were carried out with a total of 209 neurons being analyzed in the wildtype and 232 neurons in the knockout
group. Morphological parameters were normalized to the wildtype control (set to 1.0) and expressed as mean ± SEM. P-values ≤ 0.05 are indicated. In the
knockout both TNIS and TNL are reduced to 0.68 relative to the wildtype levels. The longest branch (LB) value is reduced to 0.84 relative to wildtype. Neuronal
cell body diameters are depicted in a dot blot.
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Schwann cells (Figure 4B). Apparently, the effect of Nogo-B
on the extent of axonal branching is restricted to immature,
undifferentiated Schwann cells. This loss of phenotype cannot
simply be correlated with a reduced expression level of Nogo-
B (Figure 4A) or with diminished distribution of Nogo-B
to the plasma membrane (data not shown). Presumably, the
change in responsivity of neurons grown on differentiated
vs. undifferentiated Schwann cells is due to the extensive
transformation of gene expression and signaling activity that
occurs during Schwann cell differentiation (Monk et al.,
2015).
Next, we wanted to determine whether the Nogo-B mediated
effect on axonal branching is mediated directly via physical
interaction between Schwann cell expressed Nogo-B and putative
neuronal receptors or indirectly via protein or exosome
secretion (Corfas et al., 2004; Lopez-Verrilli and Court,
2012). The main subcellular locality of Nogo-B is the ER
and therefore the secretion scenario seemed plausible. To
test this hypothesis, we cultured Schwann cells as described
and added adult sensory neurons on a coverslip face down.
Tiny paraffin feet on the coverslip prevented physical contact
between the two cell types but allowed for free chemical
communication (Figure 4C). When comparing adult sensory
neurons grown above nogo+/+ vs. nogo−/− Schwann cells in
this experimental set-up, we did not observe a significant
difference in neuronal morphology. In particular, there was
no reduced branching of axons in the absence of Nogo-B
in Schwann cells (Figure 4D). However, we did notice an
insignificant trend towards an increased rate of branching
with nogo-a/b knockout Schwann cells indicating a weak
influence by Nogo-B on the axonal growth pattern. This
seems to be mediated in a secretion-dependent manner and
to counteract the influence on branching by direct physical
interaction.
In sum, using a co-culture system of wildtype and nogo-
a/b deficient Schwann cells and adult wildtype sensory neurons
shows that deletion of Nogo-B results in a marked reduction
in the number of axonal branches without affecting axonal
long-distance growth. This phenotype is more pronounced, but
also less specific with early postnatal neurons. Furthermore,
we demonstrated that this branching phenotype is mediated
only by immature, undifferentiated Schwann cells in a direct
FIGURE 4 | Nogo-B’s effect on neuronal morphology depends on physical interaction with neurons and is restricted to undifferentiated Schwann
cells. (A) Western blot of a time course experiment with Schwann cells pushed towards differentiation. At DIV1 serum free medium was added plus forskolin (red
bar). Equal amounts of protein (45 µg) were loaded in each lane. P0 serves as a differentiation marker, actin serves as a loading control. (B) Quantification of
morphological parameters of adult wildtype sensory neurons grown on nogo+/+ vs. nogo−/− Schwann cells. Sensory neurons were added at DIV4 to differentiating
Schwann cells and the co-culture was fixed at DIV5. Five independent experiments were carried out with a total of 166 neurons being analyzed in the wildtype and
144 neurons in the knockout group. Morphological parameters were normalized to the wildtype control (set to 1.0) and expressed as mean ± SEM. P-values ≤ 0.05
are indicated. Neuronal cell body diameters are depicted in a dot blot. (C) Schematic of the indirect Schwann cell neuron co-culture lacking physical contact between
the two cell types. Neurons were plated on a glass cover slip with paraffin feet attached and flipped face down onto the Schwann cell monolayer. (D) Quantification
of morphological parameters of adult wildtype sensory neurons grown above nogo+/+ vs. nogo−/− Schwann cells in an indirect co-culture. Five independent
experiments were carried out with a total of 155 neurons being analyzed in the wildtype and 146 neurons in the knockout group. Morphological parameters were
normalized to the wildtype control (set to 1.0) and expressed as mean ± SEM. P-values ≤ 0.05 are indicated. Neuronal cell body diameters are depicted in a dot blot.
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manner. This implicates neuronal Nogo-B receptor(s) in signal
transmission.
Blockade of the Neuronally Expressed
Nogo-B Receptor NgBR Reproduces the
Loss-of-Nogo Branching Phenotype
To identify the neuronal receptors that mediate Nogo-B’s impact
on axonal branching we addressed three candidate receptors.
Two of them, NgR1 and PirB, bind to the Nogo-66 loop
domain within the RHD, whereas the Nogo-B receptor NgBR
interacts with a site that is not yet precisely mapped but
spans the RHD and the amino terminus (Figure 1A). We
used the NEP1–40 peptide, which is derived from the Nogo-66
sequence and competitively blocks NgR1 (GrandPré et al.,
2002) and presumably also PirB (Gou et al., 2014), to test the
involvement of NgR1 and PirB. Both of these receptors are
expressed in adult sensory neurons (Atwal et al., 2008; Wörter
et al., 2009). If either of these receptors were to mediate the
effect of Nogo-B on axonal branching, then blocking it with
NEP1–40 would mimic loss of Nogo-B. We co-cultured wildtype
Schwann cells and wildtype sensory neurons in the absence or
presence of NEP1–40. As indicated in Figure 5A, there was
no difference in any parameter of neuronal morphology; in
particular, we did not observe reduced axonal branching of
sensory neurons cultured in the presence of NEP1–40. Thus,
we ruled out a role of NgR1 and PirB in mediating the
branching effect of Nogo-B. Next, we addressed the potential
role of NgBR. NgBR is less well characterized than NgR1
and PirB. It was identified as a receptor of AmNogo-B in
endothelial cells and was shown to mediate Nogo-B dependent
chemotaxis and morphogenesis of vascular endothelial cells
FIGURE 5 | Blocking the Nogo-B receptor NgBR mimics the loss-of-nogo branching phenotype. (A) Quantification of morphological parameters of adult
wildtype sensory neurons grown on wildtype Schwann cells in the presence or absence of NEP1–40. Five independent experiments were carried out with a total of
181 neurons being analyzed in the control and 177 neurons in the NEP1–40 group. Morphological parameters were normalized to the control (PBS; set to 1.0) and
expressed as mean ± SEM. P-values ≤ 0.05 are indicated. Neuronal cell body diameters are depicted in a dot blot. (B) Immunocytochemistry of a Schwann cell
neuron co-culture stained for NgBR, Hoechst and neurofilament. Scale bar is 10 µm. (C) Co-immunoprecipitation experiments with a co-culture of wildtype
Schwann cells and nogo-a/b deficient sensory neurons. For pull-down Bianca antiserum or a rabbit control IgG was used. Detection was done with Bianca
antiserum and an NgBR antibody. Asterisks indicate the rabbit IgG heavy chain that is detected by the secondary anti-rabbit antibody. (D) Quantification of
morphological parameters of adult wildtype sensory neurons grown on wildtype Schwann cells in the presence or absence of NgBR-Ecto. Five independent
experiments were carried out with a total of 142 neurons being analyzed in the control and 167 neurons in the NgBR-Ecto group. Morphological parameters were
normalized to the control (50% glycerol in PBS; set to 1.0) and expressed as mean ± SEM. P-values ≤ 0.05 are indicated. In the presence of NgBR-Ecto TNIS is
reduced to 0.75 and TNL to 0.74 relative to the control levels. Neuronal cell body diameters are depicted in a dot blot.
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(Miao et al., 2006). The relevance of NgBR to the nervous system
is completely unknown as is its neuronal expression pattern,
if any.
To investigate this, we tested for expression of NgBR in
adult sensory neurons. As shown in Figure 5B, we found strong
expression of NgBR in sensory neurons both in the soma
and the axonal processes. Co-cultured Schwann cells, however,
were completely negative for NgBR. We next explored the
functional relationship of Schwann cell expressed Nogo-B and
neuronal NgBR. We tested for a physical in trans interaction
between these two proteins by co-immunoprecipitation (co-
IP). In fact, demonstrating the interaction between endogenous
Nogo-B and NgBR via co-IP has not yet been reported, but
we suspected that we would have a good chance with our
co-culture system given the high expression levels of these
two proteins. Using wildtype Schwann cells, which expressed
Nogo-B but not NgBR as well as nogo-a/b deficient neurons,
which expressed NgBR but lacked Nogo-B, we carried out
an immunoprecipitation with Bianca antiserum and detected
with Bianca and for NgBR. As shown in Figure 5C, there
was robust pull-down of Nogo-B plus NgBR whereas both
bands were missing in a control pull-down using a non-specific
rabbit IgG. We thus concluded that Schwann cell expressed
Nogo-B and neuronal NgBR form an effective signaling axis.
To interfere with this signaling pathway, we employed a
recombinant NgBR-ectodomain (NgBR-Ecto) to outcompete
and block endogenous NgBR. In a co-culture of wildtype
Schwann cells and wildtype sensory neurons we observed a
marked inhibitory effect of NgBR-Ecto on the extent of axonal
branching without affecting long-distance growth (Figure 5D).
Adding NgBR-Ecto actually mimicked both in a qualitative and
quantitative manner the genetic deletion of Nogo-B in Schwann
cells.
These data indicate that it is NgBR that transduces Nogo-B’s
effect on axonal branching. From a clinical viewpoint this result
is particularly interesting because the administration in vivo of a
protein-based blocking agent like NgBR-Ecto to the lesion site is
much easier than manipulating expression levels genetically.
DISCUSSION
We identified the Nogo-B/NgBR signaling axis as a major
modulator of axonal branching. Blocking either Schwann cell
expressed Nogo-B or its neuronal receptor NgBR resulted in a
significant reduction in the number of axonal branch points of
sensory neurons, but left axonal long-distance growth unaffected.
Nogo-B is a member of the ancient reticulon (RTN) family of
membrane embedded proteins with homologs found throughout
the eukaryotic domain (Oertle et al., 2003a). A hallmark of RTNs
is their association with and the shaping of the ER via a highly
conserved C-terminal sequence stretch that is termed the RHD
(Voeltz et al., 2006; Hu et al., 2008). Importantly, the RHD
not only is necessary but also sufficient for ER morphogenesis
(Shibata et al., 2008). In contrast to the RHD, the role of the
N-terminal moiety, which has been subject to a high degree of
evolutionary variation, is currently much less clear. RTNs seem to
be bimodal proteins; they exert a basic ER-morphogenic function
through the RHD, which is shared by most if not all RTNs as well
as a specific function directed by their unique N-terminus.
Nogo-B is encoded by the nogo/rtn4 gene which, by means
of alternative splicing and differential promoter usage, gives rise
to three main isoforms, Nogo-A/B/C (Oertle and Schwab, 2003).
Nogo-A is the largest isoform consisting of the N-terminal NiR
domain, central NiG, and C-terminal RHD. Nogo-B lacks a
central NiG and is structurally characterized by direct fusion of
the N-terminal NiR domain to the C-terminal RHD (Figure 1A).
Apart from their unique N-termini, the Nogo isoforms are
specified by their expression pattern. While Nogo-A is largely
confined to oligodendrocytes and neurons of the CNS (Oertle
and Schwab, 2003), Nogo-B has a more widespread expression
pattern but is markedly enriched in endothelial and smooth
muscle cells of blood vessels (Acevedo et al., 2004) and, as we
demonstrate in this study, in Schwann cells in the PNS. In
contrast to Nogo-A, however, which abundantly localizes to the
myelin sheath formed by oligodendrocytes (Huber et al., 2002),
we have not detected any Nogo-B in Schwann cell-produced
myelin.
The functional delineation of the Nogo isoforms is
surprisingly complex. Nogo-A, specifically the small fraction
that distributes to the plasma membrane of oligodendrocytes,
is a major inhibitor of nerve growth, especially in the lesioned
adult CNS (Schweigreiter and Bandtlow, 2006; Schwab and
Strittmatter, 2014). Neuronal Nogo-A modulates growth cone
motility and migration of CNS neurons and has been implicated
in synaptic plasticity and neuronal morphogenesis (Mingorance-
Le Meur et al., 2007; Montani et al., 2009; Zagrebelsky et al., 2010;
Delekate et al., 2011). A prominent role of Nogo-B has been
documented for the vascular system where it was demonstrated
to modulate chemotactic migration of endothelial and smooth
muscle cells (Acevedo et al., 2004).
We show that another major function of Nogo-B resides
with Schwann cells in the PNS. Although we found that
they express very large amounts of Nogo-B, we did not
observe any morphological differences between wildtype and
nogo-a/b deficient Schwann cells. Because of the high level
of surface expressed Nogo-B, we hypothesized that Schwann
cells communicate with sensory neurons in trans through
Nogo-B. Schwann cells and sensory neurons form an intimate
cell partnership that is characterized by intense intercellular
communication (Mirsky et al., 2002; Corfas et al., 2004).
Many intercellular signaling mechanisms have been identified
that are mediated either by direct physical contact or in an
indirect manner through secretion of molecules or release of
exosomes (Lopez-Verrilli and Court, 2012). This glia-neuron
crosstalk is a prime example of how two cell types control
each other’s development and maintenance in a mutual manner.
We considered this notion by studying the role of Nogo-
B in a co-culture of Schwann cells and sensory neurons.
This approach allowed us to manipulate the two cell types
individually and to precisely control the experimental conditions.
We thereby obtained unambiguous results that demonstrate that
Schwann cell expressed Nogo-B affects neuronal morphology
in trans and that this interaction depends on physical contact
between the two cell types. Moreover, we show that only
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undifferentiated Schwann cells transduce this effect and that
early postnatal neurons are more plastic, but also less specific
in their responsivity to Schwann cells than adult ones. Finally,
we provide data that indicate that the neuronal receptor that
mediates Nogo-B’s signal appears to be NgBR.
In general, the Nogo receptor system is characterized by
a significant level of pleiotropy which renders the system
less amenable to specific manipulation. The Nogo-66 loop
domain that is harbored by both Nogo-A and Nogo-B binds
to two unrelated receptors, the Nogo-66 receptor NgR1
and the paired immunoglobulin receptor PirB (Schwab and
Strittmatter, 2014). NgR1 is a membrane-anchored protein and
requires a transmembrane co-receptor for signal transduction,
which is either the neurotrophin receptor p75NTR or related
TAJ/TROY. NgR1 and PirB, on the other hand, not only
ligate Nogo-66 but also the myelin-associated proteins MAG
and OMgp. In addition, NgR1 binds the ligands APP and
LGI1 (Thomas et al., 2010; Zhou et al., 2011). Neither of
these receptors, however, seems to be involved in the current
Nogo-B signaling paradigm because application of the Nogo-
66 antagonistic peptide NEP1–40, which blocks interaction of
Nogo-66 with NgR1 and most likely also with PirB, failed to
reproduce the nogo loss-of-function branching phenotype.
The only other known receptor-binding site of Nogo-B is
located at its N-terminus and called AmNogo-B. It is not well
defined and comprises parts of the NiR domain and RHD
(Miao et al., 2006). In fact, AmNogo-B is characterized by
the fusion of the NiR domain with the RHD to create a
sequence stretch that is unique for Nogo-B. AmNogo-B was
shown to bind to a transmembrane protein termed Nogo-
B receptor, NgBR (Miao et al., 2006). In contrast to the
Nogo-66 signaling system, the AmNogo-B/NgBR signaling axis
is very specific, in that no other ligand of NgBR has been
reported nor has there been another receptor for AmNogo-B.
In contrast to Nogo-66, manipulation of AmNogo-B signaling
thus promises to be a very specific approach. By employing
an antagonistic NgBR ectodomain we interfered with this
signaling pathway at its top end. In contrast to compounds
that target intracellular signaling effectors, this recombinant
protein does not have to cross the plasma membrane nor does
it likely elicit pleiotropic effects as is often the case when
manipulating downstream signaling proteins. Exactly what the
downstream signaling cascade of NgBR looks like is not known
presently.
A developmental study in zebrafish has implicated Akt in
NgBR signalling (Zhao et al., 2010), and overexpression of NgBR
in vascular endothelial cells was shown to lead to an increase of
Akt phosphorylation (Teng et al., 2014). This is interesting in
the current context because Akt activity is known to promote
branching of peripheral neurons. Specifically, the activation of
the PI3K/Akt signaling module, with concurrent inhibition of
glycogen synthase kinase 3ß, has been shown to increase the
branching index of sensory neurons while activation of the
Ras/ERK signaling cascade is supportive of axonal long-distance
growth (Zhao et al., 2009; Ketschek and Gallo, 2010; Spillane
et al., 2012; Klimaschewski et al., 2013; Kim et al., 2014). It is
thus tempting to speculate that in neurons growing on nogo-a/b
deficient Schwann cells, the level of activated Akt is reduced,
due to missing input from NgBR ultimately resulting in reduced
branching.
During the repair phase following peripheral nerve lesion,
dedifferentiated Schwann cells secrete a variety of neurotrophic
factors and cytokines including NGF, BDNF, NT-4/5, FGF-2,
IGF-1, IL-6, and IL-1ß that support neuronal survival and
regenerative growth of axons (Chen et al., 2007; Navarro
et al., 2007). These factors typically bind to receptor tyrosine
kinases that trigger the activation of both the PI3K/Akt and
Ras/ERK signaling cascade. For this reason not only axonal
elongative growth is facilitated during peripheral regeneration
but also axonal sprouting (Klimaschewski et al., 2013). From
a clinical viewpoint axonal long-distance growth after injury
is desirable but axonal sprouting is not. A major effort to
improve peripheral regeneration therefore is to disentangle
these two signaling cascades at the molecular level. One
approach has been to specifically promote the Ras/ERK
module over the PI3K/Akt cascade. This strategy has been
implemented by blocking Sprouty2, which is a negative
feedback regulator of the Ras/ERK module (Marvaldi et al.,
2015). Reducing Sprouty2 to heterozygous levels in sensory
neurons that have been stimulated with NGF markedly
improves long-distance growth without increasing axonal
sprouting to the same extent. A combination of treatments
with NGF and NgBR-Ecto in a heterozygous sprouty2 mouse
mutant may coax peripheral nerve fibers towards improved
long-distance growth of axons with concurrent reduced
branch formation. From a clinical perspective, non-genetic
manipulation of effector molecules is preferred and NgBR-
Ecto, as a recombinant protein that does not have to cross
the plasma membrane, lends itself to an efficient in vivo
delivery.
In conclusion, we provide evidence for a novel function
of the nogo gene in the PNS that is implemented by the
Nogo-B isoform and mediated by neuronally expressed NgBR.
Genetically deleting Nogo-B from Schwann cells or blocking
its receptor NgBR both results in a markedly reduced number
of axonal branches of sensory neurons without affecting
maximal axonal elongation. These data imply that the Nogo-
B/NgBR signaling axis selectively contributes to the formation
of branch points of outgrowing axons. We observed that
this effect is restricted to immature, undifferentiated Schwann
cells, a scenario similar to that in a nerve lesion when
Schwann cells dedifferentiate and orchestrate the regenerative
growth of the peripheral fibers. Our finding is of potential
clinical relevance because it may represent a novel mechanism
that adds to the excessive sprouting of regenerating nerve
fibers. Blocking Nogo-B/NgBR on regenerating axons may
reduce excessive sprouting without compromising long-distance
growth and recombinant NgBR-Ecto may be a novel tool to
achieve this.
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